The beta-decay of the neutron, n + p + e-+ Ce, either in its free or its bound state, is the most elementary of the semi-leptonic weak hadron decays, and, along with muon decay, is the prime source of experimental information underpinning the V-A description of weak interactions. We review its role in the context of the standard model of particle physics, and discuss the significance of both the neutron lifetime, and the various angular-polarization correlation coeficients which characterize the decay, in providing values for the polar and axial vector coupling constants, and relating these to the symmetry properties of the corresponding weak currents. We then describe a neutron decay detector, based on the use of a quasi-Penning trap to store and record recoil protons, which has been used to measure the neutron lifetime to better than 1% accuracy. A modified version of the same system is now being prepared to measure the proton spectrum, with a view to making an independent determination of the absolute coupling constant ratio, whose precise value is currently the subject of some debate.
Neutron betadecay in the standard model 1.Introduction
The theory of nuclear beta-decay was developed by Fermi in 1933 [l] , a year after Chadwick announced the discovery of the neutron [2] . This theory was based on Pauli's neutrino hypothesis which had originally been offered as a simultaneous solution to the apparent failure of energy conservation in beta-decay, and the unexplained matter of the Bose statistics of the nucleus 14N [3] . Since the statistics problem was solved with the identification of the neutron, the neutrino idea did not receive immediate and universal acceptance, and perhaps even its author had doubts. In any case Fermi's first paper was rejected by the journal Nature [4] . It was not until Chadwick and Goldhaber made the first accurate measurement of the neutron mass that it became apparent that the free neutron must be radioactive [5] , although estimates of its lifetime varied between lo3 sec. and 3.5 days [6] . Free neutron decay was first observed by Snell and his collaborators at Oak Ridge in 1948 [7] . The first measurement of the neutron lifetime was carried out by Robson at Chalk River in 1950 [8] , and it is a tribute to Robson's qualities as an experimenter that the currently accepted best value [9] falls just on the limit of his quoted standard error.
The precise value of the neutron lifetime is also of direct importance in big bang cosmology, where it has a direct bearing on the relative abundance of primordial helium synthesized in the early Universe. This is determined in essence by the ratio of the neutron lifetime to the expansion time, from the point at which the neutrinos which maintain the neutrons and protons in thermal equilibrium decouple from hadronic matter ( t N 1 sec., T N 10"K), and the neutrons present start to decay into protons, to the onset of nucleosynthesis ( t N 180sec., T N lo9 K), when deuterium formed by neutron capture on protons remains stable in the thermal radiation field. This is followed by a string of strong interactions whose net effect is the conversion of all free neutrons into helium [lo] . The neutron lifetime is also of direct importance in solar astrophysics for a reason which we shall meet later.
To unravel the details of the laws which govern the behaviour of matter it is essential to work with simple systems, assuming that such exist, and where atomic physicists and specialists in electromagnetic interactions play with electrons, positrons, positronium and the hydrogen atom, those who concern themselves with weak interactions in the low energy domain concentrate on the neutron, the pion and the muon. The muon is important both in atomic and in weak interaction physics, and this is because it has no strong interactions, whose intervention makes the detailed interpretation of weak interaction phenomena so difficult. I shall make only passing reference to electromagnetic effects, e.g. radiative corrections, which in neutron decay contribute at the level of a few per cent. Primarily I shall be concerned to stress the importance of neutron decay as a test system for the standard model, particularly in those areas where the strong and the weak interactions exercise a mutual and subversive influence [l 13.
The standard model
The standard model represents a synthesis of what we know about the fundamental matter fields and their strong, electromagnetic and weak interactions. The gravitational interaction, which to date has not been accommodated within a satisfactory renormalizable field theory, falls outside the domain of applicability of the model. This assumes that matter is made up from spin 1/2 leptons and spin 1/2 quarks, together with their antiparticles. Each such field comes in six "flavours", a scheme whose experimental foundations will be powerfully reinforced, if recent reports of the discovery of the top quark, still lacking confirmation, are ultimately upheld. However, the neutral tau neutrino has yet to be detected directly. The fundamental fermions are further organized into three families or generations containing two leptons and two quarks each. Apart from their masses the generations appear to have identical properties.
The leptons are either electrically neutral or carry charge -e, and have no strong interactions. The quarks carry charges 2e/3 or -e / 3 and have strong (i.e. colour) interactions. Within the first (and each subsequent) generation the charges satisfy the relation where the factor 3 expresses the fact that each quark flavour comes in three colours. In the standard model the neutral leptons are assumed to be massless, although this restriction is not essential to the theory and could be removed without difficulty. All the quarks carry mass; the U-and d-quarks which are the constituents of nucleons and pions are described as "light", and the c-, b-and t-quarks as "heavy". The strange s-quark occupies an intermediate position in the mass scale. The masses referred to here are the current masses which appear in the QCD (colour) Lagrangian. In general mass is associated with an interaction between the fermion matter fields and a neutral scalar field called the Higgs meson [12] , whose detection is the principal goal of current high energy physics.
The interactions between spin 1/2 fermions are mediated by spin 1 gauge bosons (or spin 2 for gravity). In the cases of electromagnetism and gravity we know that the messenger particles, photons or gravitons, are massless, because the interactions are propagated over enormous distances. The strong colour interactions are also mediated by massless gluons, but, the nature of the colour interaction being such that quarks are confined within colour-neutral physical hadrons, these have short range interactions among themselves, mediated by massive pions or other mesons, which may be viewed as residues of the colour force, in the same way as the Van der Waals force between electrically neutral atoms is a residue of the electromagnetic interaction. The weak interactions are also short range, but in this case the messenger particles have acquired mass through their interaction with the Higgs field. This is one unique feature of the weak interactions; a second and probably connected characteristic is that they distinguish right from left, thereby violating the principle of reflection symmetry, i.e. P-or parity invariance.
Ideas of "universality" have featured prominently throughout the development of weak interaction theory [13] , motivated by such observations as the near equality of the vector coupling constants in neutron and muon decay. Although small, the difference of 2.46 f 0.08% is significant. In addition, the weak coupling constants measured in strangeness-violating hadron decay are substantially less than those which govern non-strange decay. These observations led to the proposal, expressed in the current language of quark fields, that the negatively charged d-and s-quarks enter the weak interaction in the linear superposition of mass eigenstates. The discovery of a third quark generation brought with it an extension of the Cabibbo theory, according to which the mass eigenstates of the d-, s-and b-quarks are rotated into weak eigenstates characterized by the elements of the unitary CKM matrix [16] This may be parameterised by three angles together with a CP-violating (and hence T-violating) complex phase-factor [9] , with may account for the CP-violating features of neutral kaon decay [17] , and offers the possibility that the neutron has an observable electric dipole moment [ 181.
Weak currents and coupling constants
The weak interactions mediated by the charged vector bosons W: are responsible for the decays of quarks and leptons which involve a change in flavour and perhaps of generation. There is also a neutral vector boson Zo which is responsible for parity violating effects in atoms. However the charged weak processes which are our sole concern here involve the U-and d-quarks only, and the most important of these are:
All these decays take place in two stages; either
W + -. e + + v ,
Since the virtual W-boson has a mass of 80.22 f 0.26GeV [SI, it has a range of order 1% the radius of the hadrons. The difference between neutron decay as envisaged in Fermi's four fermion model, and in the standard model, is illustrated in the diagrams shown in Fig. 1 . Formally the weak interaction is constructed from the contraction of the gauge boson vector field with a four 
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current derived from Dirac bilinear covariants. To take the simplest example of such a current we consider a massless spin 1/2 field $ satisfying the Dirac equation. Then, adopting the convention y s = y1y2 y3 y4, we can define right-and left-handed (spin polarized parallel or anti-parallel respectively to the momentum) chiral fields
which are independently solutions of the Dirac equation. Since the corresponding Lagrangian densities are invariant with respect to U(l) global gauge transformations, i.e. space-time independent transformations of the phase, we may deduce that the associated right-and left-handed particle number current densities are conserved. These are given by
Taking linear combinations of the chiral currents (2.5) with definite parity transformation properties we can also identify conserved polar and axial vector currents
These currents are described as "neutral" because they simultaneously annihilate and create particles carrying the same charge. In the weak interactions (2.1) the decaying particle always changes its charge by one unit and the corresponding currents are described as "charged". When a mass term is added to the Dirac equation the chiral invariance is broken; the chiral fields (2.4) are no longer solutions of the equation. The axial current J t acquires a divergence a,, J;" = im$y, $ and is therefore not conserved. However, the conservation of the vector current survives. If we then impose the condition that the theory should have a local U(l) gauge symmetry, the phase dependence can be removed only by the introduction of a covariant derivative rather as the coordinate system dependence is eliminated in general relativity. This is achieved by introducing a massless electromagnetic gauge field A,(x) to which the charged particles have a vector coupling and 8, is the Weinberg angle which parameterizes the mixing of the neutral gauge fields when the [SU(2)IL x U(l) electroweak local gauge symmetry is spontaneously broken. However in the low energy regime it is sufficient to work with eq. (2.10). To determine the Fermi coupling contant GF experimentally we look in detail at the purely leptonic process of muon decay and the appropriate O(a) inner radiative correction has been inserted.
Beta decay of the neutron
Quite generally the theory of neutron beta-decay applies to neutrons (or protons) bound in nuclei as well as to free neutrons, although, except in very special circumstances, the dependence on nuclear matrix elements makes the experimental data difficult to interpret in terms of a fundamental theory. In the same way the matrix elements of weak quark currents for quarks bound in hadrons depend on the details of hadron structure. In neutron beta-decay the relevant term in the lepton current is I uv,> (3.1) (3.2) where U, and uvc are lepton Dirac spinors and U, describes an electron moving in the Coulomb field of the daughter nucleus, which, in the case of free neutron decays, is just a and this has a matrix element proton. The quark current correspondings to eq. (3.1) is themonuclear reactions in the sun is essentially the inverse of free neutron decay, since it involves the weak conversion of a proton into a neutron with emission of a neutrino. Energy is released in the reaction because the 2.2MeV binding energy of the deuteron exceeds the 1.3 MeV neutron-proton mass difference. However, because of the operation of the Pauli principle, the protons can react only when they scatter in the singlet state, whereas the deuteron can exist only in the triplet state. Thus the reaction (3.8) is a pure Gamow-Teller transition with a rate proportional to IgA(0)12. Apart from meson exchange effects of order 1%, and some additonal theoretical input to be described below, the process can be calculated precisely provided the temperature and the neutron lifetime are known [29] . Until discrepancies in the lifetime measurements were recently cleared up, these contributed a significant source of uncertainty in the analysis of the "solar neutrino problem" [30] . (Fermi) and axial vector (Gamow-Teller) form factors survive, and the assumption is that the remaining form factors are induced by the strong interactions. Since these are assumed to be G-parity invariant, the second-class form factors gs and gT vanish for neutron decay, and for all betadecays within isospin multiplets [24]. Among the G-parity invariant first-class form factors weak magnetism is a very small effect which has yet to be detected in free neutron decay, although it has been reported in nuclear triads with A = 12 [25] . The induced pseudo-scalar form factor contributes to neutron decay only as a negligible second forbidden correction, although it is observed in the muon capture process, eq. (2.1(b)), where the momentum transfer is of order 100MeVc-' [26] . We need therefore take into account the traditional form factors gv and gA Only.
We are now in a position to write down an expression for the neutron lifetime z, [ = t/ln (2), where t is the half-life], in terms of the conventionalft-value wheref= 1.71465 f 0.00015 is the integrated Fermi phasespace factor including outer radiative corrections where G A , V = G,,,,v(0)l/,d and G, is the beta-decay analogue of the muon weak coupling constant given by eqs (2.14) and (2.15). In a time reversal invariant theory I is real and the phase angle 4 takes the value 71 in the left-right convention defined by eq. (2.4). However, this cannot be established from a measurement of the neutron lifetime alone.
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Although free neutron decay provides a unique source of information on the weak interactions of the light quarks, essentially because of the absence of nuclear structure effects, the result [eq. (3.6)] applies quite generally to decays within isospin multiplets, provided the factor (1 + 3 I 1 1 ' ) is replaced by (I MF 1 ' + I MGT 1 ' I I l' ), where MF and MGT are the Fermi and Gamow-Teller nuclear matrix elements. Thus, viewed in a nuclear context, neutron decay is just one of a number of superallowd--odd-A mirror nuclei, i.e. members of isospin doublets (MF = 1, MGT = fi). Although there are a number of other potential candidates among mirror nuclei, e.g. 'H, lSO, "Ne and 35A, because of meson exchange corrections to MGT, only the neutron, and perhaps 'H and "Ne, provide useful sources of information on G A and Gv. In the case of ' H the meson exchange correction is only about 3% and, allowing for a rare decay branch into a neutral helium atom and an anti-neutrono, the expression (3.7) applies as it stands [31] . This transition may be viewed as the decay of a hole in the sf proton shell into a hole in the sf neutron shell, and is closely related to neutron decay. However, the corresponding rare decay of a neutron into neutral hydrogen and an antineutrino has a negligible branching ratio and has yet to be observed.
There is, however, another class of superallowed transitions, namely the pure Fermi 0' + 0' transitions between even-A members of an isotriplet (MF = 4, MGT = 0), e.g. the transition I4O -P 14N referred to in Section 2. In these transitions there is no axial coupling and, since both partners are spinless, there are no weak magnetism form factors either. These transitions have been studied down to the finest detail over many years [32, 33) and allowing for Coulomb effects and outer radiative corrections, provide an accurate value for the vector coupling constant [33] . .
The near equality of the weak coupling constants G, and G, was noted many years ago, at which time it was conjectured that the vector current was conserved [35] . This "weak" conserved vector current (CVC) hypothesis receives powerful experimental support from the observed rate of neutral pion beta decay [cf. eq. (2.l(d))], which, because the pion is a spinless pseudo-scalar particle, is a pure vector 0 -+ 0 -decay. The measured lifetime of 2.54 f 0.lOsec. compares most favourably with the quite precise CVC prediction of 2.48 f 0.01 sec. [35] . There is however a "strong" version of the CVC hypothesis [36] , which states that the weak vector current iiy,d is to be identified with the isospin rotation of the isovector (T = 1) component of the electromagnetic current where $ = (U, d) is the quark field isospin doublet, and t is the Pauli matrix operator acting in isospin space. The. isoscalar (T = 0) current $y,$ in eq. (4.2) is conserved from baryon conservation, which is associated with a U( 1) global gauge symmetry of the QCD lagrangian. Neglecting the (md -mu) mass difference, this is also invariant with respect to global SU(2) gauge transformations of $. The isovector (T = 1) component i $ y , ,~~$ in eq. where pp and pn are the anomalous magnetic moments of proton and neutron expressed in units of the nuclear magneton. The result, eq. (4.4), explains the origin of the description "weak magnetism" applied to the form factor gWM. Since conservation of the vector current implies that the weak vector coupling to the neutron is the same as that to the quark, inserting the appropriate inner radiative correction we have the relation 
The axial current
We know that the axial current cannot be conserved, because the pion is a pseudoscalar particle whose decay into leptons [cf. eq. 2.l(d)] can proceed only through the axial coupling. Thus the vanishing of the matrix element of 8, J t connecting the one pion state to the vacuum is consistent with a finite matrix element for J; only in the limit m, = 0 [37]. In a dispersion-theoretic treatment of charged pion decay considered as a virtual distintegration into the nucleon-anti-nucleon pair which subsequently annihilates into leptons, Goldberger and Treiman [38] were led to a remarkable relation between the strong and weak inter- We do not, of course, expect the axial current to be conserved since the corresponding isoaxial symmetry of the QCD Lagrangian is explicitly broken by quark mass terms. However, even in models of the nucleon with massless quarks, e.g. the MIT bag model, the introduction of a confining potential, or local quark mass, breaks the chiral symmetry. In chiral or "cloudy" bag models the axial current inside the bag is given by its normal expression
but is carried by a pion field outside the bag, where the axial symmetry is spontaneously broken. Conservation of the axial current is enforced by matching the internal and external components at the surface of the bag [39] .
The result (4.6) which expresses the renormalization of G A entirely in terms of the pion-nucleon coupling, follows immediately from the assumption that the axial symmetry of the Lagrangian is spontaneously broken, i.e. the ground state does not possess this symmetry, with massless pions playing the role of Goldstone bosons The results (4.8) and (4.9) combine to yield the GoldbergerTreiman relation (4.6), which provides an interpretation of the induced pseudo-scalar form factor as the decay of a nucleon accompanied by one or more pions, all of which states are degenerate for a massless pion. The classical analogue of this system is the ferromagnet below the Curie point, in which all orientations of the spins in a domain correspond to degenerate states, with long-wave spin-waves having the nature of Goldstone bosons.
The results, eqs (4.8) and (4.9), predict that the effective pseudo-scalar form factor in muon capture should have the modifies the conventional pseudo-scalar coupling of pion to nucleon by adding a carefully selected coupling to a selfcoupled scalar-isoscalar field a. Neglecting mass differences between nucleons and between pions respectively the model possesses an SU(2), x SU(2), global gauge symmetry, broken down to isospin symmetry by nucleon-mass-dependent terms which leads to a partially conserved axial current according to eq. (4.11). In the limit of vanishing nucleon mass the full chiral symmetry is recovered, except that the theory is spontaneously broken, with # 0, so that the axial symmetry is "hidden". Expressed in terms of the modified field a' = (r -(a)o, the nucleons acquire mass while the pions become massless.
In their original paper the authos of the a-model make the comment: "The fact that the coupling is responsible for the nucleon mass is a curious property of the model. Unless we can explain all masses, or at least all baryon masses, in a similar way, it is not very satisfactory." This is a remarkable obsrvation in view of the subsequent successes of the Higgs meson in providing mass to the vector bosons, according to a mechanism with which the a-model has many features in common.
We may conclude this discussion of axial currents with the reminder that, while these may be conserved according to a symmetry of the classical action they need not be conserved when the full apparatus of quantum field perturbation theory is applied. In this case the axial divergence is said to acquire an anomaly. For global gauge symmetries this does not matter, provided always that the anomaly is taken into account. For example the anomaly in the axial neutral current associated with a U(l) global gauge invariance of the QCD Lagrangian with massless quarks is necessary to account in detail for the decay no -+ y + y [42] , whereas the corresponding vector current is absolutely conserved even with massive quarks, and corresponds to the conservation of baryon number.
In local gauge theories the anomaly must be cancelled if the renormalizability of the theory is to be preserved. In the standard model the condition that the anomalies which arise in connection with conserved axial currents associated with all 12 generators of the theory is that the electric charges within each fermion generation should satisfy the condition (1.1). Since studies of Zo decay have ruled out a fourth generation of light leptons [43] , it is a reasonable conclusion that a corresponding fourth quark generation is also excluded. 
Determination of the neutron lifetime by the Penning trap

Principles of a neutron lifetime experiment
The neutron is a member of the lowest flavour SU(3) baryon octet whose weak decay rates can be correlated using the Cabibbo theory [14] described in Section 1.2. The anomalously long lifetime of the neutron ( N lo3 sec. as compared with weak lifetimes of the order of 10-lOsec. for other members of the octet) is entirely due to the near mass degeneracy of the neutron and the proton. Thus the end-point of the kinetic energy spectrum of the electrons is only about 0.78 MeV, while the corresponding end-point of the proton spectrum is about 0.75 keV.
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Assuming the availability of a thermal neutron flux of 2 x 109cm-2sec.-1 one can estimate a decay rate of around 10 decays sec.-cm-of neutron beam, which, unless very special precautions are adopted, may well be quite unobservable against an intense background of neutron capture gamma-rays. In his pioneering measurement Robson isolated the neutron decays by observing electron-proton coincidences, but was unable to make a precise measurement of the coincidence efficiency, and could only reach an accuracy of about 20% [8]. The dramatic improvement in accuracy which has been achieved as a result of 40 years of effort, particularly during the past decade, is illustrated in Fig. 2 . The fact that the measured value of z, has consistently declined over the years has been widely noted [SI. An alternative interpretation, which may prove attractive to some, but is not generally favoured among physicists, is that neutrons are members of an endangered species, and do not live as long today as they have done in the past.
Neutron lifetime experiments may be separated into two quite distinct groups depending on whether they employ a "bottle" method or a "beam" method. Bottle methods are based on the integral relation
where N ( t ) is determined by recording the number of neutrons surviving to time t, as a fraction of the number N(0) present at zero time. This technique has the advantage that absolute neutron counting is not necessary, but suffers from the disadvantage of having to account for all neutrons disappearing through routes other than beta-decay. Both variants of this method employed to date [44] involve trapping of ultra-cold neutrons either in high multipole magnetic fields or in solid-walled vessels contructed from materials with positive neutron scattering lengths. These topics fall more naturally within the scope of a subsequent talk, and will not be considered further here. In beam methods the number of neutron decays from a continuously replenished ensemble of neutrons is recorded. These methods are based on the differential relation
where dN(t)/dt is the measured decay rate, and N(t) is the number of neutrons in the source volume V at time t. Since the source volume constitutes some spatial sample of a neutron beam, the relation (5.2) has to be supplemented by two further relations where nd is the number of decay particles, electrons or protons, recorded per unit time in a detector of relative solid angle 01471 and efficiency E, and n is the neutron density. Since all these quantities are in general functions of position, it is necessary to perform suitable averages. However, the problem of averaging can be avoided in the main if R 2: 471 and E 3: 1 and these parameters must condition the experimental design.
The principal limitation on the accuracy ultimately attainable by this method is that an absolute measurement has to be made of the number of decaying neutrons, a problem which conceals further problems in chemistry, metallurgy and cross-section determination. All recent variants of the technique employ cold neutrons with a continuous velocity spectrum, a 471 electron or proton detector, and a thin neutron counting target which absorbs only a negligible fraction of the neutrons which traverse it [44] . If Nd is the total number of decays occurring per unit time in a length L of neutron beam, then the value of z, is given by zn = Nn L/Nd oO(Px) (5.4) where N, is the number of neutron-nucleus reactions recorded per unit time in the neutron counter, go is the reaction cross-section at some standard relative velocity oo , usually chosen to be 2200 m sec. -', and (px) is the surface density of neutron detector isotope.
The result (5.4) does not depend on neutron velocity U, provided that . ( U) scales accurately as l/o, a condition which is satisfied whenever any resonances in the selected reaction fall so high in the energy scale that they cannot influence the cross-section in the subthermal region. Suitable neutron counting reactions are [45] (a) 6Li(n, u )~H , go = 941 f 3b (b) "B(n, cr)'Li, go = 3836 k 3b.
(c) 3He(n, P )~H , go = 5327 f lob. The total reaction rate, which is determined by counting with 100% efficiency, alpha particles or protons emitted into a known solid angle, is proportional to an integral over the product of the differential flux n(u)o do and the cross-section go uo/u, and hence provides a measure of the neutron beam density.
In the neutron lifetime experiment described below, ' OB was selected as the target nucleus. The separated isotopes were vacuum deposited on single crystal silicon layers, and subsequently assayed by mass spectroscopy [46] . The observed alpha particle spectrum which provided the basis for the neutron density measurement, is shown in Fig. 3 .
The Penning trap neutron decay detector
The proposal to carry out a new measurement of z, , using a novel technique which employed an electromagnetic trap [47] to store and record the decay protons, was put forward in 1967 as the result of an observation that the currently accepted value z, = 1013 f 26sec. [48] was difficult to reconcile with the observed rate of 3H decay [49] . Although the discrepancy was almost immediately resolved by a measurement carried out at the Riso Laboratory in Denmark, which yielded the value z, = 935 f 14sec.
[SO], a new project was initiated at the low flux (-2 x lo6 cm-2 sec.-') swimming pool reactor LIDO at AERE Harwell in 1970, and subsequently completed at the high-flux reactor at the Institut Laue Langevin (ILL), Grenoble, where the available flux was greater by a factor of about lo2 [Sl]. This experiment, which adopted an arrangement in which the neutron beam was aligned transverse to the magnetic axis of the trap, has been described in detail elsewhere 1521. The system suffered from a number of weaknesses which were eliminated in the much superior parallel configuration to be described immediately below. The most important defects in the original design were (a) the use of an inhomogeneous magnetic field to increase the source volume, which brought in its train many undesirable effects associated with magnetic mirror trapping of both protons and electrons, and (b) the impossibility of systematically varying the source volume to eliminate end effects.
In designing a neutron lifetime experiment, and having settled the method of neutron density determination, there remain three distinct decisions to be made. These are: (a) are electrons or protons to be counted and which detectors should be used?; (b) how is the source volume to be
defined?; and (c) how are the genuine decay events to be distinguished from the background? There are difficulties associated with absolute counting of electrons in the energy range < 1 MeV, in that suitable counters tend to be equally sensitive to gamma radiation, and also that the electron spectrum extends down below the noise level. On the other hand protons of energy < 1 keV can easily be accelerated to 30keV or thereabouts, and stopped in a 100pm depletion depth silicon surface barrier detector, which is -100% eficient as a low-energy proton detector and effectively transparent to gamma-rays. Hence there is some advantage to proton detection. However, to reduce the thermal noise it is necessary both to cool the detector and to minimize the capacitance, and this requirement sets an upper limit of about 300 mmz to the collecting area.
One can arrive at a satisfactory solution to problems (b) and (c) by transmitting the neutron beam along the axis of a quasi-Penning trap as illustrated in Fig. 4 . In a 50 kG magnetic field protons from neutron decay move in tight spiral orbits of radius < 0.8 mm, and can be trapped in the potential well 1 kV in depth, formed by a "gate" electrode at one end and a "mirror" electrode at the other. In this case the source volume is determined by the section of beam cut off by the trap, which may be varied in length to eliminate end effects. After each trapping cycle the protons may be released from the trap by lowering the potential on the gate electrode. The ejected protons follow helical paths linked to field lines which are bent through 9", and are thereby channelled into a detector set at -30kV. This arrangement achieved its objective of presenting a 471 solid angle for proton counting. A principal advantage of this system is that, assuming a storage time of lomsec., and a counting time of 100psec., during which time the counter is open to receive signals, the background is reduced in the ratio of storage time to counting time, i.e. by a factor of about 100.
There is, of course, no requirement that the potential distribution in the trap should approximate the axial quadrupole potential which defines the perfect Penning trap, and indeed a system of coaxial cylindrical electrodes characterized by Bertram's potential function B(r, z) produces an approximately square well potential which is superior for its purpose [53] . It is however essential to maintain magnetic field uniformity to better than 1% in order ! o avoid magnetic mirror trapping of low energy beta-particles from neutron decay which generate additional protons by ioniza- tion of residual hydrogen, or of low energy protons which become permanently trapped and never get counted. Electrons of energy < 1 keV can also be trapped in the "mirror" electrode, an effect which is easily observable. These have to be released at the end of the counting cycle after the protons have reached the detector.
The complete layout of the experiment is shown in Fig. 5 . The 50 kG magnetic field is produced by an Oxford Instruments superconducting magnet, which is operated in persistent mode. In addition the liquid helium cooled surfaces within the magnet bore act as a cryo-pump for the proton trap so that, during operation, all ion pumps are switched off, thereby removing the principal source of background protons. The trapping electrodes are constructed as a system of 16 coaxial rings, each about 2cm long, 2cm in diameter and separated by 2 mm ceramic spacers, the length of each element in the array having been determined to an accuracy of about 0.05%. The protons exit from the trap in the backwards direction, and the counter together with its preamplifier, amplifier and bias supplies are maintained at about -30 kV and supplied through an isolating transformer. The signal is transmitted down to ground through an optic fibre link. An essential feature of the system is the ceramic insulator which encloses the detector, thereby inhibiting electrical breakdown in the system of electric and magnetic fields, which are in a crossed configuration in this part of the apparatus.
The alpha-particles emitted in the "B(n, a)'Li reaction are counted in a system of four 500"' surface barrier detectors for each of which the relative solid angle has been determined to about 0.1%. An additional feature is the single crystal silicon window placed between the neutron counting chamber and the proton trap, to prevent alphaparticles returning to the trapping region and generating ionization background, an effect which was noticed the very first time the system was tested in a neutron beam. The transmitted neutrons are absorbed in a lithium beam stop.
The capture flux was about 4 x lo9 neutrons cm-2 sec.-' and peaked at a wavelength of about 4.5 A.
The observed proton spectrum is shown in Fig. 6 , which, it should be emphasized, has not been corrected for background, and demonstrates the power of the trapping technique to suppress background. With the longest trap-lengths the observed counting rate was about 5 counts sec.-' which means that only about 5% of the trapping cycles revealed a trapped proton, and 0.125% showed two trapped protons. The signal showing two trapped protons is just about visible in Fig. 6 , and leads to some difficulties of inerpretation, as to whether events on the high energy edge of the main peak are one-proton or two-proton events. It was therefore decided to determine the absolute counting rate from the time-of-arrival spectrum shown in Fig. 7 , which records exactly one count when at least one decay is registered in the trap, and is easily corrected for both dead-time and background effects.
The neutron lifetime was determined on the basis of the weighted mean of five measurements of the number of decays per unit length per alpha particle recorded, of which an example is shown in Fig. 8 . These experiments covered a range of values for the accelerating potential, which varied between 24.5 kV and 34.5 kV, and for the thickness of protective gold layer on the proton counter, which had values Emerging from the apparatus it passes through a single crystal silicon window into a neutron counting chamber containing the loB target and four alpha-particle counters, and is finally absorbed in a 6Li beam stop. The decay protons are stored in an electrostatic trap whose 16 elements may each be set at arbitrary potentials V, in the range 0 < V, < 1 kV. On release the protons are counted in a silicon surface-barrier detector outside the neutron beam, which is set at a potential of about -30 kV. This is separated from the main apparatus by insulators as shown, and is itself wrapped in a Be0 ceramic insulator to inhibit breakdown in the radial electric field which is crossed with the longitudinal magnetic field in this region.
of about 18.3, 38.6 and 58.9pgmcm-' respectively. Under these circumstances the correction for Rutherford scattering from the proton counter varied between 0.7% and 2.6%. The result obtained in the experiment was [54] bution from neutron backscattering and the (n, a) crosssection in 1°B, it is not easy to see what advances in technique could bring about a significant improvement in precision, for a determination of 7, by a "beam" method.
The correlation coefficients in neutron betadecay
T,, = 893.5 & 5.3 sec.
(5.6)
Since the error on neutron counting alone came to about -0.3% and this itself was a composite error derived from uncertainties in the isotopic content of the target, the contri-
Experimental support for the "V-A" theory
When we combine theft-values in pure Fermi decay and in neutron decay, including outer radiative corrections, we 2 Institute, Gatchina [58] , and these gave the results which differ by approximately two standard deviations. However, the real interest stems from the observation that, although the ILL results are consistent with the neutron and pure Fermi decay data, as expressed in eq. (6.1(c)), this is not true of the Gatchina results. This is shown clearly in Fig. 9 which indicates the range of values for G A and GV permitted by the available data sets. These results have given rise to a great deal of speculation, and not a little controversy, as to whether or not we are glimpsing a possible contribution from right-handed currents, and hence new physics beyond the standard model [33, 591. We cannot debate the question of right-handed currents here, but instead address the question as to whether it may be possible to derive a value for I I I from a new measurement of "a", of suficient accuracy to help clarify some of the issues involved. A5 may also be seen in Fig. 9 , the current value of "a" is consistent with either of the competing values of A. Because we have no neutrino detectors we cannot measure "a" directly, and we therefore have to look at some appropriate function of "a". In view of the success of the However, these results tell us nothing whatsoever about the relative sign of G A and GV as expressed in terms of the phase angle 4 defined in eq. (3.7). To determine this phase we must detect a Fermi/Gamow-Teller parity-violating interference term, which requires that we observe polarized neutron decay. The probability that a neutron of polarization (a") should decay with emission of leptons into specified momentum states is given by [55] d3 Although the electron neutrino angular correlation coeficient "a" does not characterize an interference effect, it does provide a measure of (1 -1 A I) and we shall consider it presently. The coefficient D vanishes unless the coupling constant ratio [eq. (3.7)] is complex, indicating a failure of time reversal invariance, and existing evidence is that D is zero to within a precision of about [56] . Experimentally A 1: -0.1 and B N 1.0, indicating that 4 = x, and hence that the interaction is "V-A" (or at least predominantly so). Accepting this conclusion we see that A is very sensitive to variations in (1 -I I I), and is available as a consistency check on the results (6.1) derived from unpolarized decay. Two series of experiments have recently been completed at the ILL [57] , and at the Petersburg Nuclear Physics figure also shows that the current accuracy on the electron-neutrino angular correlation coefficient "a" is insufficient to enable a choice to be made between the two competing values of "A" [62] . Relative sensitivities to the ratio I GJG, I in the three-dimensional differential spectrum of neutron decay protons extracted from inside a nuclear reactor [60] , the one-dimensional integrated spectrum and the three-dimensional integrated spectrum [62] . The proposal is to measure the integrated spectra using a trapping technique with background suppression by a factor of about 10'.
On the Neutron Lijietime and the Weak Coupling Constants
Penning trap method in detecting recoil protons under essentially background-free conditions, the proton spectrum is clearly the first choice candidate, particularly in light of the fact that the current best value of "a" has been obtained by Stratowa et al. [60] , from a measurement of the spectrum of protons from neutron decay, extracted from a source volume within the interior of a nuclear reactor. This gave the results Evidently what is required, in relation to a meaurement of "a" is an improvement in precision by a factor of about 5.
A new programme to measure the proton spectrum in neutron decay
According to Nachtmann [61] the differential proton spectrum can be written in the form g(E,) = g,(E,) + ag2(E,), 0 d E, < 0.75 keV (6.6)
where gl(E,) reaches a maximum near 0.4 keV, and g2(Ep) changes sign from negative below 0.4 keV to positive above. Then it is easy to show that the number of protons trapped behind a barrier of height eVo is given by [62] N,(Vo) = ~v o g ( E , ) dE, + E dE,, eVo E, = 0.75 keV (6.7) The function Nl(Vo) is what we understand by the description "one dimensional integrated spectrum", since protons are trapped if the energy in their longitudinal degree of freedom is less than eVo. The sensitivity to I 2 1 of the onedimensional spectrum is shown in Fig. 10 where it is compared, to its disadvantage, with the sensitivity of the corresponding three-dimensional differential spectrum measured by Stratowa et al. Nevertheless, detailed Monte Carlo calculations indicate that an error of order 0.2% is achievable in six weeks running time at the beam port PN7 at the ILL, which was used previously in the neutron lifetime experiment. This outcome reflects the enormous advantages deriving from background suppression, which is a feature unique to the trapping technique.
We may also conclude from the data shown in Fig. 10 that, if the trapping technique could be modified to bring about a measurement of N, (E,) , the three-dimensional integrated spectrum, a sensitivity comparable with the differential spectrum could be reached, leading to an estimated 0.1% error in the same counting conditions. It is proposed to do this by exploiting the mechanism which is responsible for the "magnetic mirror" effect, which operates by transferring energy from the longitudinal degree of freedom, to the transverse degrees of freedom, when the proton moves adiabatically from a weaker into a stronger magnetic field. Conversely, the energy is transferred into the longitudinal mode when the proton moves adiabatically in the opposite direction.
This principle, which is based on the adiabatic invariance of the magnetic moment associated with the cyclotron motion of the trapped particle, is realized in the modified proton trapping apparatus shown in Fig. 11 , which is turned through 180" with respect to its orientation in the neutron lifetime experiment. The variable potential barrier set by the mirror electrode, which determines the fraction of the total spectrum which is recorded, is established in a region where the magnetic field is only about 10% of its value in the source volume. The weak field is made approximately Modified version of the neutron lifetime apparatus designed to measure the one-and the three-dimensional integrated proton spectra [62] . The system has been rotated through 180 degrees with respect to the neutron beam so that both neutrons and protons are counted on the beam exit side. The absolute neutron counter has been replaced by a neutron monitor, and the number of trap elements has been reduced from 16 to 5. For the threedimensional spectrum the mirror electrode, whose potential sets the maximum energy of trapped protons, is set in a region where the magnetic field is set by a trim magnet at a value of about 5 kG.
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uniform by means of a permanent trim magnet located as shown. The source volume may be varied over the region of high field, which is uniform to within 0.2%, and the contribution of events not originating in this high field region is eliminated by the usual subtraction procedure. It is hoped that the first experiments can be carried out at the beam port PF1 in 1995, when the neutron beams at the ILL come back on stream.
